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(57) ABSTRACT 

A graphics system including a custom graphics and audio 
processor produces exciting 2D and 3D graphics and sur 
round sound. The system includes a graphics and audio pro 
cessor including a 3D graphics pipeline and an audio digital 
signal processor. A memory controller performs a Wide range 
of memory control related functions including arbitrating 
between various competing resources seeking access to main 
memory, handling memory latency and bandwidth require 
ments of the resources requesting memory access, buffering 
Writes to reduce bus turn around, refreshing main memory, 
and protecting main memory using programmable registers. 
The memory controller minimizes memory read/Write 
sWitching using a “global” Write queue Which queues Write 
requests from various diverse competing resources. In this 
fashion, multiple competing resources for memory Writes are 
combined into one resource from Which Write requests are 
obtained. Memory coherency issues are addressed both 
Within a single resource that has both read and Write capabili 
ties and among different resources by e?iciently ?ushing 
Write buffers associated With a resource. 
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GRAPHICS PROCESSING SYSTEM WITH 
ENHANCED MEMORY CONTROLLER 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of application Ser. 
No. 09/726,220, ?led Nov. 28, 2000, Which claims the bene?t 
of provisional application No. 60/226,894, ?led on Aug. 23, 
2000. The contents of these applications are incorporated 
herein in their entirety. 

BACKGROUND AND SUMMARY 

[0002] The present invention relates to computer graphics, 
and more particularly to interactive graphics systems such as 
home video game platforms. Still more particularly this 
invention relates to a memory controller for use in such an 
interactive graphics system that controls resource access to 
main memory. 
[0003] Many of us have seen ?lms containing remarkably 
realistic dinosaurs, aliens, animated toys and other fanciful 
creatures. Such animations are made possible by computer 
graphics. Using such techniques, a computer graphics artist 
can specify hoW each object should look and hoW it should 
change in appearance over time, and a computer then models 
the objects and displays them on a display such as your 
television or a computer screen. The computer takes care of 
performing the many tasks required to make sure that each 
part of the displayed image is colored and shaped just right 
based on the position and orientation of each object in a scene, 
the direction in Which light seems to strike each object, the 
surface texture of each object, and other factors. 
[0004] Because computer graphics generation is complex, 
computer-generated three-dimensional graphics just a feW 
years ago Were mostly limited to expensive specialiZed ?ight 
simulators, high-end graphics Workstations and supercom 
puters. The public saW some of the images generated by these 
computer systems in movies and expensive television adver 
tisements, but most of us couldn’t actually interact With the 
computers doing the graphics generation. All this has 
changed With the availability of relatively inexpensive 3D 
graphics platforms such as, for example, the Nintendo 64® 
and various 3D graphics cards noW available for personal 
computers. It is noW possible to interact With exciting 3D 
animations and simulations on relatively inexpensive com 
puter graphics systems in your home or of?ce. 
[0005] In generating exciting 3D animations and simula 
tions on relatively inexpensive computer graphics systems, it 
is important to ef?ciently control access to main memory 
among competing resources. Any such access control system 
is burdened With considerable constraints. For example, the 
main application program executing CPU, Which is but one of 
many resources seeking access to main memory, must be 
granted memory access With a ?xed memory read latency 
alloWing for high speed execution of instructions. Accord 
ingly, such a CPU should be aWarded high priority access to 
main memory. In order to generate exciting graphics, certain 
graphics related resources seeking memory access must like 
Wise be guaranteed high speed access to memory suf?cient 
for the graphics processing to be rapidly completed. 
[0006] The present invention is embodied in the disclosed 
illustrative memory controller described herein, Which per 
forms a Wide range of memory control related functions 
including arbitrating betWeen various competing resources 
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seeking access to main memory. Other tasks performed by the 
unique memory controller include handling memory latency 
and bandWidth requirements of the resources requesting 
memory access, buffering Writes to reduce turn around, 
refreshing main memory, protecting main memory using pro 
grammable registers, and numerous other functions. 
[0007] In controlling memory access betWeen resources 
seeking to read from and Write to main memory, the memory 
controller minimiZes sWitching betWeen memory reads and 
memory Writes to avoid Wasting memory bandWidth due to 
idle cycles resulting from such sWitching and thereby enhanc 
ing memory access time. The illustrative memory controller 
minimiZes such sWitching by incorporating a unique Write 
buffering methodology that uses a “global” Write queue 
Which queues Write requests from various diverse competing 
resources to reduce read/Write sWitching. In this fashion, 
multiple competing resources for memory Writes are com 
bined into one resource from Which Write requests are 
obtained. 
[0008] The memory controller in accordance With the illus 
trative embodiment described herein, advantageously opti 
miZes access to main memory taking into account resource 
memory latency and bandWidth requirements. 
[0009] The memory controller described herein uniquely 
resolves memory coherency issues to avoid accessing stale 
data from memory due to reading data from a main memory 
address location prior to When that same location had been 
updated by a Write operation. Coherency issues are addressed 
both Within a single resource that has both read and Write 
capability and difference resources. The exemplary embodi 
ment addresses such coherency issues by e?iciently ?ushing 
buffers associated With a resource. For example, a resource 
that is Writing to main memory may send a ?ush signal to the 
memory controller to indicate that the resource’s Write buffer 
should be ?ushed. In accordance With an exemplary imple 
mentation, the memory controller generates a ?ush acknoWl 
edge handshake signal to indicate to competing resources that 
data Written to main memory is actually stored in main 
memory rather than in an associated resource buffer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] These and other features and advantages provided 
by the invention Will be better and more completely under 
stood by referring to the folloWing detailed description of 
presently preferred embodiments in conjunction With the 
draWings, of Which: 
[0011] FIG. 1 is an overall vieW of an example interactive 
computer graphics system; 
[0012] FIG. 2 is a block diagram of the FIG. 1 example 
computer graphics system; 
[0013] FIG. 3 is a block diagram of the example graphics 
and audio processor shoWn in FIG. 2; 
[0014] FIG. 4 is a block diagram ofthe example 3D graph 
ics processor shoWn in FIG. 3; 
[0015] FIG. 5 is an example logical ?oW diagram of the 
FIG. 4 graphics and audio processor; 
[0016] FIGS. 6A and 6B are block diagrams depicting 
memory controller and competing resources coupled thereto; 
[0017] FIG. 7 is an exemplary block diagram depicting 
various resources accessing main memory. 
[0018] FIG. 8 is a more detailed block diagram of the 
memory controller shoWn in FIGS. 6A and 6B; 
[0019] FIG. 9 illustrates a memory controller address path; 
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[0020] FIG. 10 illustrates a memory controller read data 
path; 
[0021] FIG. 11 is a block diagram showing an exemplary 
set of communication signals exchanged betWeen the 
memory controller and the processor interface (PI); 
[0022] FIG. 12 is a block diagram shoWing an exemplary 
set of communication signals exchanged betWeen the 
memory controller and video interface; 
[0023] FIG. 13 is a block diagram shoWing an exemplary 
set of communication signals exchanged betWeen the 
memory controller and cache/command processor; 
[0024] FIG. 14 is a block diagram shoWing an exemplary 
set of communication signals exchanged betWeen the 
memory controller and the texture unit 500; 
[0025] FIG. 15 is a block diagram shoWing an exemplary 
set of communication signals exchanged betWeen the 
memory controller and the pixel engine (PE) 700; and 
[0026] FIGS. 16A and 16B shoW example alternative com 
patible implementations. 

DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS 

[0027] FIG. 1 shoWs an example interactive 3D computer 
graphics system 50. System 50 can be used to play interactive 
3D video games With interesting stereo sound. It can also be 
used for a variety of other applications. 
[0028] In this example, system 50 is capable of processing, 
interactively in real time, a digital representation or model of 
a three-dimensional World. System 50 can display some or all 
of the World from any arbitrary vieWpoint. For example, 
system 50 can interactively change the vieWpoint in response 
to real time inputs from handheld controllers 52a, 52b or 
other input devices. This alloWs the game player to see the 
World through the eyes of someone Within or outside of the 
World. System 50 can be used for applications that do not 
require real time 3D interactive display (e.g., 2D display 
generation and/ or non-interactive display), but the capability 
of displaying quality 3D images very quickly can be used to 
create very realistic and exciting game play or other graphical 
interactions. 
[0029] To play a video game or other application using 
system 50, the user ?rst connects a main unit 54 to his or her 
color television set 56 or other display device by connecting 
a cable 58 betWeen the tWo. Main unit 54 produces both video 
signals and audio signals for controlling color television set 
56. The video signals are What controls the images displayed 
on the television screen 59, and the audio signals are played 
back as sound through television stereo loudspeakers 61L, 
61R. 
[0030] The user also needs to connect main unit 54 to a 
poWer source. This poWer source may be a conventional AC 
adapter (not shoWn) that plugs into a standard home electrical 
Wall socket and converts the house current into a loWer DC 
voltage signal suitable for poWering the main unit 54. Batter 
ies could be used in other implementations. 
[0031] The user may use hand controllers 52a, 52b to con 
trol main unit 54. Controls 60 can be used, for example, to 
specify the direction (up or doWn, left or right, closer or 
further aWay) that a character displayed on television 56 
should move Within a 3D World. Controls 60 also provide 
input for other applications (e.g., menu selection, pointer/ 
cursor control, etc.). Controllers 52a and 52b can take a 
variety of forms. In this example, controllers 52 shoWn each 
include controls 6011 or 60b such as joysticks, push buttons 
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and/or directional sWitches. Controllers 52 may be connected 
to main unit 54 by cables or Wirelessly via electromagnetic 
(e.g., radio or infrared) Waves. 
[0032] To play an application such as a game, the user 
selects an appropriate storage medium 62 storing the video 
game or other application he or she Wants to play, and inserts 
that storage medium into a slot 64 in main unit 54. Storage 
medium 62 may, for example, be a specially encoded and/or 
encrypted optical and/or magnetic disk. The user may operate 
a poWer sWitch 66 to turn on main unit 54 and cause the main 
unit to begin running the video game or other application 
based on the software stored in the storage medium 62. The 
user may operate controllers 52a, 52b to provide inputs to 
main unit 54. For example, operating a control 60a, 60b may 
cause the game or other application to start. Moving other 
controls 60a, 60b can cause animated characters to move in 
different directions or change the user’s point of vieW in a 3D 
World. Depending upon the particular softWare stored Within 
the storage medium 62, the various controls 60a, 60b on a 
controller 52a, 52b can perform different functions at differ 
ent times. 

Example Electronics of Overall System 

[0033] FIG. 2 shoWs a block diagram of example compo 
nents of system 50. The primary components include: 

[0034] a main processor (CPU) 110, 
[0035] a main memory 112, and 
[0036] a graphics and audio processor 114. 

[0037] In this example, main processor 110 (e.g., an 
enhanced IBM PoWer PC 750) receives inputs from handheld 
controllers 52 (and/or other input devices) via graphics and 
audio processor 114. Main processor 110 interactively 
responds to user inputs, and executes a video game or other 
program supplied, for example, by external storage media 62 
via a mass storage access device 106 such as an optical disk 
drive. As one example, in the context of video game play, 
main processor 110 can perform collision detection and ani 
mation processing in addition to a variety of interactive and 
control functions. 
[0038] In this example, main processor 110 generates 3D 
graphics and audio commands and sends them to graphics 
and audio processor 114. The graphics and audio processor 
114 processes these commands to generate dynamic visual 
images on display 59 and high quality stereo sound on stereo 
loudspeakers 61R, 61L or other suitable sound-generating 
devices. 
[0039] Example system 50 includes a video encoder 120 
that receives image signals from graphics and audio processor 
114 and converts the image signals into analog and/or digital 
video signals suitable for display on a standard display device 
such as a computer monitor or home color television set 56. 
System 50 also includes an audio codec (compressor/decom 
pressor) 122 that compresses and decompresses digitiZed 
audio signals and may also convert betWeen digital and ana 
log audio signaling formats as needed. Audio codec 122 can 
receive audio inputs via a buffer 124 and provide them to 
graphics and audio processor 114 for processing (e. g., mixing 
With other audio signals the processor generates and/or 
receives via a streaming audio output of mass storage access 
device 106). Graphics and audio processor 114 in this 
example can store audio related information in an audio 
memory 126 that is available for audio tasks. Graphics and 
audio processor 114 provides the resulting audio output sig 
nals to audio codec 122 for decompression and conversion to 



US 2009/0225094 A1 

analog signals (e.g., via buffer ampli?ers 128L, 128R) so they 
can be reproduced by loudspeakers 61L, 61R. 
[0040] Graphics and audio processor 114 has the ability to 
communicate With various additional devices that may be 
present Within system 50. For example, a parallel digital bus 
130 may be used to communicate With mass storage access 
device 106 and/ or other components. A serial peripheral bus 
132 may communicate With a variety of peripheral or other 
devices including, for example: 

[0041] a programmable read-only memory and/or real 
time clock 134, 

[0042] a modem 136 or other networking interface 
(Which may in turn connect system 50 to a telecommu 
nications netWork 138 such as the Internet or other digi 
tal netWork from/to Which program instructions and/or 
data can be doWnloaded or uploaded), and 

[0043] ?ash memory 140. 
A further external bus 142, Which may, by Way of example 
only, be a serial bus, and may be used to communicate With 
additional expansion memory 144 (e.g., a memory card) or 
other devices. Connectors may be used to connect various 
devices to busses 130, 132, 142. 

Example Graphics and Audio Processor 

[0044] FIG. 3 is a block diagram of an example graphics 
and audio processor 114. Graphics and audio processor 114 in 
one example may be a single-chip ASIC (application speci?c 
integrated circuit). In this example, graphics and audio pro 
cessor 114 includes: 

[0045] a processor interface 150, 
[0046] a memory interface/ controller 152, 
[0047] a 3D graphics processor 154, 
[0048] an audio digital signal processor (DSP) 156, 
[0049] an audio memory interface 158, 
[0050] an audio interface and mixer 160, 
[0051] a peripheral controller 162, and 
[0052] a display controller 164. 

[0053] 3D graphics processor 154 performs graphics pro 
cessing tasks. Audio digital signal processor 156 performs 
audio processing tasks. Display controller 164 accesses 
image information from main memory 112 and provides it to 
video encoder 120 for display on display device 56. Audio 
interface and mixer 160 interfaces With audio codec 122, and 
can also mix audio from different sources (e.g., streaming 
audio from mass storage access device 106, the output of 
audio DSP 156, and external audio input received via audio 
codec 122). Processor interface 150 provides a data and con 
trol interface betWeen main processor 110 and graphics and 
audio processor 114. 
[0054] As Will be explained in detail beloW, memory inter 
face 152 provides a data and control interface betWeen graph 
ics and audio processor 114 and memory 112. In this 
example, main processor 110 accesses main memory 112 via 
processor interface 150 and memory interface 152 that are 
part of graphics and audio processor 114. Peripheral control 
ler 162 provides a data and control interface betWeen graphics 
and audio processor 114 and the various peripherals men 
tioned above. Audio memory interface 158 provides an inter 
face With audio memory 126. 

Example Graphics Pipeline 

[0055] FIG. 4 shoWs a graphics processing system includ 
ing a more detailed vieW of an exemplary FIG. 3 3D graphics 
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processor 154. 3D graphics processor 154 includes, among 
other things, a command processor 200 and a 3D graphics 
pipeline 180. Main processor 110 communicates streams of 
data (e.g., graphics command streams and display lists) to 
command processor 200. Main processor 110 has a tWo-level 
cache 115 to minimiZe memory latency, and also has a Write 
gathering buffer 111 for uncached data streams targeted for 
the graphics and audio processor 114. The Write-gathering 
buffer 111 collects partial cache lines into full cache lines and 
sends the data out to the graphics and audio processor 114 one 
cache line at a time for maximum bus usage. 
[0056] Command processor 200 receives display com 
mands from main processor 110 and parses themiobtaining 
any additional data necessary to process them from shared 
memory 112 via memory controller 152. The command pro 
cessor 200 provides a stream of vertex commands to graphics 
pipeline 180 for 2D and/or 3D processing and rendering. 
Graphics pipeline 180 generates images based on these com 
mands. The resulting image information may be transferred 
to main memory 112 for access by display controller/video 
interface unit 164*Wh10h displays the frame buffer output of 
pipeline 180 on display 56. 
[0057] FIG. 5 is a block logical ?oW diagram portraying 
illustrative processing performed using graphics processor 
154. Main processor 110 may store graphics command 
streams 210, display lists 212 and vertex arrays 214 in main 
memory 112, and pass pointers to command processor 200 
via processor/bus interface 150. The main processor 110 
stores graphics commands in one or more graphics ?rst-in 
?rst-out (FIFO) buffers 210 it allocates in main memory 110. 
The command processor 200 fetches: 

[0058] command streams from main memory 112 via an 
on-chip FIFO memory buffer 216 that receives and buff 
ers the graphics commands for synchronization/?ow 
control and load balancing, 

[0059] display lists 212 from main memory 112 via an 
on-chip call FIFO memory buffer 218, and 

[0060] vertex attributes from the command stream and/ 
or from vertex arrays 214 in main memory 112 via a 
vertex cache 220. 

[0061] Command processor 200 performs command pro 
cessing operations 20011 that convert attribute types to ?oat 
ing point format, and pass the resulting complete vertex poly 
gon data to graphics pipeline 180 for rendering/rasteriZation. 
A programmable memory arbitration circuitry 130 (see FIG. 
4) arbitrates access to shared main memory 112 betWeen 
graphics pipeline 180, command processor 200 and display 
controller/video interface unit 164. 
[0062] FIG. 4 shoWs that graphics pipeline 180 may 
include: 

[0063] a transform unit 300, 
[0064] a setup/rasteriZer 400, 
[0065] a texture unit 500, 
[0066] a texture environment unit 600, and 
[0067] a pixel engine 700. 

[0068] Transform unit 300 performs a variety of 2D and 3D 
transform and other operations 300a (see FIG. 5). Transform 
unit 300 may include one or more matrix memories 30019 for 
storing matrices used in transformation processing 300a. 
Transform unit 3 00 transforms incoming geometry per vertex 
from object space to screen space; and transforms incoming 
texture coordinates and computes projective texture coordi 
nates (300c). Transform unit 300 may also perform polygon 
clipping/culling 300d. Lighting processing 300e also per 
































